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We investigate the interaction and dephasing of the excitons in wide ZnSe/Zn0.94Mg0.06Se quantum wells by
spectrally resolved, femtosecond four-wave mixing ~FWM!. Polarization-dependent measurements indicate
that excitation-induced dephasing is the dominant FWM process. The biexcitons of the center-of-mass quan-
tized heavy and light hole excitons are observed, showing binding energies of 3.5 meV. We determine the
exciton scattering cross sections with incoherent and coherent excitons. The coherent cross section is found to
be larger than the incoherent cross section, which is attributed to a stronger Pauli repulsion for coherent
excitons. The exciton interaction rates with acoustic and optical phonons are deduced by their temperature
dependencies. The acoustic-phonon scattering is found to be strongly reduced in the investigated wide wells
due to the reduced accessible phonon wave vector. @S0163-1829~98!00803-0#
I. INTRODUCTION
Degenerate four-wave mixing ~FWM! provides a power-
ful tool to study coherent electronic relaxation processes in
bulk semiconductors and quantum-well ~QW! structures. The
physics underlying the FWM process is described in a simple
way by the optical Bloch equations.1,2 However, an explicit
consideration of the Coulomb interaction and the fermionic
nature of the electrons and holes necessitates the use of the
semiconductor Bloch equations ~SBE!. The complexity of
the SBE can be reduced using extended OBE’s, modeling
selected terms of the SBE, e.g., local-field effects ~LFE!,3
excitation-induced dephasing ~EID!,4–6 biexciton formation
~BIF!,7,8 or similar exciton-exciton interactions.9,10 These ex-
tended OBE reproduce most of the various observations in
FWM, including quantum beat phenomena,11–14 scattering
processes of excitons with free carriers,15–17 with
excitons,18–21 and with phonons.22–24
So far, these coherent phenomena have been mainly stud-
ied in high-quality III–V multi-QW structures.3–18,22,23 Re-
cently, major progress in the quality of wide-gap II-VI semi-
conductor structures has been made in search of blue-green
semiconductor lasers.25 Since wide-gap II-VI QW’s possess
a high exciton oscillator strength and a strong third-order
nonlinearity,26 they are well suited to study coherent tran-
sient phenomena by FWM.19–21,27–32 Also, the high biexci-
ton binding energy enables the spectral discrimination of the
BIF contribution.33,34
In this paper, we report on subpicosecond FWM studies
on center-of-mass ~COM! quantized excitons in wide
ZnSe/Zn0.94Mg0.06Se single QW’s ~SQW’s!. The use of
SQW’s excludes propagation effects35 and interference
effects between QW’s.36 We observe pronounced
quantum beats ~QB’s! between the different exciton states
below the continuum. All excitons show a comparable
dephasing time. BIF is observed for the lowest heavy-hole
and light-hole excitons. We evaluate the contribution of the
EID FWM process by polarization-dependent measurements.
The exciton-exciton scattering rate is obtained by density-
dependent experiments. The exciton interaction with acoustic
and optical phonons is studied by temperature-dependent
measurements, showing a strong optical-phonon interaction
and the suppression of acoustic-phonon scattering.
II. SAMPLE CHARACTERIZATION
AND EXPERIMENTAL DETAILS
The investigated ZnSe QW samples were grown pseudo-
morphically on ~001! oriented GaAs by molecular-beam
epitaxy.37 The two-dimensional ~2D! growth mode was
monitored by in situ reflection high-energy electron diffrac-
tion ~RHEED!, which was also used to determine the growth
rate via RHEED oscillations. The samples consist of a 16
nm- ~20 nm! wide ZnSe single QW sandwiched between 23
nm-thick Zn0.94Mg0.06Se barrier layers, respectively. The Mg
content of the barriers was determined by x-ray diffraction.
The samples are of high optical and structural quality, as was
examined by transmission, photoluminescence ~PL!, photo-
reflection spectroscopy, by high-resolution ~HR! transmis-
sion electron microscopy, and HR x-ray diffraction.38
Systematic PL studies on pseudomorphically grown
Zn12xMgxSe/ZnSe SQW structures with different well
widths and Mg contents yield a conduction-band offset pa-
rameter Qc50.1360.1,39 where Qc is defined as the ratio of
the conduction-band offset to the total band offset in an un-
strained situation. The strain shifts the band energies, leading
to a strained Qc of approximately 0.3, so that the
ZnSe/Zn0.94Mg0.06Se QW’s show a type-I band alignment.
The PL spectra of the investigated 16- and 20 nm SQW’s
obtained at 2 K are given in Fig. 1. The barrier heavy-hole
exciton Xh appears at an energy of 2.859 eV. The COM
quantized ZnSe 1s heavy-hole excitons 11h , 12h , 13h , and
the light-hole exciton 11l were identified by comparison with
calculated exciton energies using the model of Mathieu,
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Lefebvre and Christol.40 The low-energy PL I2 around 2.802
eV does not appear in photoreflection and absorption and is
attributed to a donor bound exciton transition, presumably
due to impurities from the Mg source. These assignments are
supported by time-resolved PL experiments.
In the FWM experiments, the sample was excited by a
frequency-doubled, mode-locked Ti-sapphire laser providing
100 fs pulses of 22 meV spectral width at a repetition rate of
76 MHz. The two-pulse degenerate FWM was performed in
backscattering geometry, which is for SQW’s as efficient as
in transmission geometry. The focus diameter of the pulses
at 1/e2 intensity on the sample was 70 mm. The FWM signal
was detected time-integrated and spectrally resolved by a
combination of a spectrometer and an optical multichannel
analyzer as a function of the time delay t between the two
incident pulses. The sample was kept in a helium bath cry-
ostat allowing for temperature-dependent measurements. If
not otherwise mentioned, the experiments were carried out at
a temperature of T55 K.
III. FWM MECHANISMS
The FWM spectrum obtained from the 20 nm SQW at
zero delay time is shown in Fig. 2~a! for colinear polarized
~""! excitation together with the spectrum of the reflected
excitation pulse. The excitation energy was centered at 2.818
eV in order to avoid continuum contributions but simulta-
neously excite the 11h , 12h , 13h , and 11l states. The vari-
ous exciton resonances are active both in reflection and
FWM. In Fig. 2~b!, the dependence of the FWM spectrum on
the delay time is displayed. The FWM decay time of 0.7 ps
is comparable for all excitonic resonances. Assuming a ho-
mogeneous broadening of the resonances, a dephasing time
of T251.4 ps is deduced. The corresponding homogeneous
linewidth of 0.95 meV, given by Ghom5h/(pT2), coincides
with the spectral line width of 1.0 meV measured in the
FWM spectra. The linewidth can thus be consistently ex-
plained by a homogeneous broadening mechanism. The si-
multaneous coherent excitation of the various exciton states
leads to pronounced oscillations in delay time @Fig. 2~b!#.
They are exactly in phase at all resonances, which is a sig-
nature of QB’s.2
The different contributing FWM mechanisms can be
discriminated by the FWM polarization dependence. The
FWM trace at the 11h exciton is displayed in Fig. 3 for
colinear ~""! and cross-linear ~"!! polarized excitation. At
negative delay times, the conventional FWM process is in-
active, and the observed FWM signal is caused by the LFE,
EID, or BIF3,5,7 In the LFE and EID cases, the first-order
polarization enters twice into the signal generation process;
therefore a decay twice as fast compared to positive delay
FIG. 1. PL spectra of the investigated 16- and 20-nm
Zn0.94Mg0.06Se/ZnSe SQW structures at excitation at 3.5 eV with
10 W/cm2.
FIG. 2. FWM intensity from the 20-nm SQW in ~""! configu-
ration. ~a! FWM spectrum at zero delay and the spectrum of the
reflected excitation pulse. ~b! FWM intensity vs energy and delay
time t in a contour plot on a logarithmic scale over three decades.
FIG. 3. FWM trace at the 11h exciton energy for ~""! ~dashed
line! and ~"!! ~dotted line! configuration. The excitation was cen-
tered at 2.816 eV. The thick full line is a calculated trace based on
a four-level OBE including EID using Eqs. ~2! and ~3!.
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times is expected for negative delay times, as observed in the
experiment. Since EID vanishes in the ~"!! configuration,
while LFE and BIF are not affected, the strong decrease
of the FWM signal going from the ~""! to the ~"!!
configuration shows that EID is the dominant FWM process
in the ~""! configuration. The dependence of the FWM
intensity on the angle u12 between the linear polarization
directions of the excitation pulses is then expected
to be6
I~u12!}sin2~u12!1F11 sEIDg2~nX50 !G
2
cos2~u12!, ~1!
due to the variation of the spatial exciton density modulation.
The relative FWM signal intensity I(u12)/I(90°) observed at
the 11h exciton from the 16 nm SQW at a delay time of 100
fs is shown in Fig. 4. A fit ~dashed line! of Eq. ~1! to the data
using the determined values g2(nX50)50.7 ps21 yields a
EID cross section of sEID59731010 s21. The dephasing
time T2 is not affected by the polarization configurations
~see Fig. 3!. This again confirms the dominant homogeneous
broadening of the excitons, since in inhomogeneously
broadened systems an increased dephasing with increasing
angle u12 is expected.13 The observed predominant homoge-
neous broadening is attributed to the high-crystal quality
and to the large width of the investigated QW structures
leading to weak interface roughness and barrier alloy scatter-
ing.
The BIF contributes to the FWM signal for positive and
negative delay time. It can be discriminated by the spectral
splitting of a part of the signal by the biexciton binding en-
ergy below the exciton energy. Figure 5 shows the FWM
spectra at t520.8 ps for ~""!, ~"!! and cocircular (s1s1)
configuration, obtained at the 16 nm QW. The BIF-induced
signal, denoted as XX , is equally strong in ~""! and ~"!!
configuration, showing that the BIF process is not affected
by EID, as expected in third-order perturbation theory.7 It
vanishes in the (s1s1) configuration, since 11h biexcitons
can only be formed with opposite spins. When 11h and 11l
excitons are simultaneously excited biexcitons formed by
both exciton species become visible in ~"!! configuration as
shown in Fig. 6 for the 20 nm SQW. The biexciton binding
energies of the 11h and 11l biexcitons, denoted as XX1 and
XX2 are determined to EbXX53.560.5 meV.
A more detailed analysis of the BIF signal and its relative
importance to the FWM signal shows that the BIF FWM
signal exceeds the LFE, but is weak compared to the EID
contribution.41 Accordingly, we modeled the FWM by the
solution of optical Bloch equations for a homogeneously
broadened four-level system similar to Ref. 2, that are ex-
tended only by EID.5 The third-order response can be solved
analytically in the perturbative regime, and the calculated
Fourier transformed third-order polarization reads for posi-
tive delay,
PFWM
~3 ! ~v ,t.0 !}exp~ ivt!
3S (
i , j.1
4 2oi jM i1
2 @M j1
2 exp~ iV j1* t!#
v2V i1
1isEID (
i , j.1
4
oi jM i1
2 @M j1
2 exp~ iV j1* t!#
~v2V i1!
2 D ,
~2!
and for negative delay,
PFWM
~3 ! ~v ,t,0 !
}isEID (
i , j.1
4
oi jM i1
2 exp~ iV i1t!@M j1
2 exp~ iV j1t!#
~v2V i1!
2 . ~3!
The four considered levels i are the initially occupied
ground state and the three excitons 11h , 11l , and 13h . The
resonance energies v i1 and dephasing rates g i1 given by
V i15v i12ig i1 are determined from the FWM spectrum
@Fig. 3~a!#. For simplicity, the dephasing rates g i15g i1(nX
50)1snX used in the EID process were taken to depend
only on the total exciton density nX5(n211n311n41) of the
FIG. 5. FWM spectra from the 16-nm SQW at 0.8 ps negative
delay in ~""!, ~"!!, and (s1s1) configuration. The excitation was
centered at 2.80 eV.
FIG. 4. Relative FWM intensity ~squares! at the 11h exciton
energy at t5200 fs as a function of the angle u12 between the linear
polarizations of the excitation pulses obtained from the 16 nm
SQW. The dashed line is a fit using Eq. ~1!.
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created 11h , 11l , and 13h excitons. The oscillator strength
ratios M 21
2 :M 31
2 :M 41
2 were taken to 3:1:0.6 from the experi-
mental reflection data. The EID parameter sEID was deter-
mined from the FWM intensity ratio between ~""! and ~"!!
configuration. Furthermore, the spectral shape of the excita-
tion was considered by the factors oi j obtained from experi-
mental data as described in Ref. 28. The calculated FWM
trace at the 11h exciton, which is proportional to
uPFWM
~3! ~v21 ,t!u2, is plotted in Fig. 3 ~thick full line!. It shows
good agreement to the experimental data for positive delay,
while for negative delay the signal is slightly underestimated
due to the neglect of BIF and LFE.
IV. EXCITON-EXCITON SCATTERING
In order to investigate the exciton scattering rate with in-
coherent as well as with coherent excitons, density-
dependent measurements were performed in the colinear po-
larization configuration. The excitation was tuned to mostly
excite 11h excitons. For the scattering with incoherent exci-
tons, a background density of 11h excitons is created by a
prepump pulse applied 20 ps before the first FWM pulse.
The FWM pulse intensities were kept constant and low com-
pared to the prepump intensity. The scattering with mainly
coherent excitons was studied in the two-beam configuration,
changing the intensity of the excitation pulses equally. In this
case, the character of the exciton-exciton scattering changes
from coherent to incoherent with increasing delay time in the
FWM experiment. The homogeneous line widths Ghom
5h/(pT2) obtained from the signal decay times are plotted
in Fig. 7 as a function of the exciton density for both experi-
mental situations. In both cases we find a linear increase of
Ghom with increasing exciton density ~Fig. 7!, which is fit by
Ghom~nX!5Ghom~nX50 !1gX
c ,icnX , ~4!
with the interaction parameter gX
c ,ic for the coherent and in-
coherent exciton-exciton scattering process, respectively.
The 2D exciton density nX created by the excitation pulses is
estimated using the measured spot size, and the exciton ab-
sorption strength obtained from a free-standing
ZnSe/Zn0.94Mg0.06Se quantum-well structure that is adhe-
sively bonded to a sapphire disk. The determined interaction
parameters of g ic5(260.6)310211 meV cm2 and gXc 5(7
62)310211 meV cm2 differ significantly. Theories treating
the coherent scattering process in closed form are not avail-
able so far. The higher value of the coherent scattering pa-
rameter compared to the incoherent scattering is, however,
qualitatively explained by the increased repulsive interaction
by Pauli exclusion, since the coherent excitons are concen-
trated in a smaller k space compared to the nearly thermali-
zed incoherent excitons.
The low-density and low-temperature homogeneous line
width Ghom(nX50) is about 1 meV, and is attributed partly
to the extrinsic interactions of excitons with donor impurities
in the well. Recent FWM measurements on similar QW
structures also indicate the presence of free electrons in the
well originating from barrier impurities ~donors!. These free
electrons lead to an intensity-independent electron-exciton
scattering rate, which contributes to the background homo-
geneous linewidth.41 Additionally, the radiative damping,
which can be estimated to about 3 ps,42 adds to the dephas-
ing.
With an exciton binding energy of EbX'22 meV and an
exciton Bohr radius of aX'4.3 nm, obtained from Ref. 40, a
dimensionless parameter bX
(2D)5gX
(2D)/(ax23EbX) can be de-
fined that is often used in experiments. In deriving EbX and
aX the electron mass of me*50.145m0 ~Ref. 43! and the
Luttinger parameters g152.45 and g250.61 ~Ref. 44! are
used. We find a value of bXic
(2D)54.761.4 for the incoherent
exciton-exciton scattering process, which is comparable to
the result of previous investigations on ZnSxSe12x /ZnSe
QW structures32 and about twice the value found in GaAs
QW’s.15,22
FIG. 6. FWM spectra from the 20-nm SQW at zero delay in the
~"!! and ~""! configuration. The excitation was centered between
the 11h and 11l exciton energies at 2.815 eV. The biexcitonic tran-
sitions are labeled.
FIG. 7. Homogeneous linewidth corresponding to the measured
dephasing times as a function of the exciton density for incoherent
and mainly coherent scattering conditions for the 16-nm SQW. The
dashed curves are fits according to Eq. ~4!.
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V. EXCITON-PHONON SCATTERING
The influence of acoustic- and optical-phonon scattering
on the exciton dephasing was measured by the temperature
dependence of the dephasing time. Figure 8 shows the ex-
perimentally observed homogeneous linewidth as a function
of the lattice temperature T for the 16 nm and the 20 nm
SQW structure at low excitation densities (nX'1
3109 cm22). The temperature dependence of the decay rate
exhibits two different regimes. Below 40 K, the decay rates
are increasing weakly with temperature T due to acoustic-
phonon scattering. At higher temperatures, a strong increase
of the decay rate is observed, indicating the onset of optical-
phonon scattering. The acoustic-phonon scattering parameter
bac and the optical-phonon scattering parameter bLO are fit-
ted to the data according to the relation45
Ghom~T ,nX!5Ghom~T50 K,nX!1bacT
1
bLO
exp~ELO /kBT !21
, ~5!
obtained by first-order perturbation theory. Here, ELO
531.6 meV is the longitudinal-optical phonon energy, kB is
the Boltzmann constant, and Ghom(T50 K,nX) is the low-
temperature homogeneous linewidth of 0.95 meV. For the
acoustic-phonon–exciton interaction we obtain a value of
bac5161 meV/K. This scattering parameter is significantly
smaller than for quasi-3D and quasi-2D ZnSe structures
(bac'4–10 meV/K).24,32 The weak acoustic-phonon interac-
tion is attributed to the large well width, limiting the quasi-
momentum of the scattering phonons. A scattering rate in-
versely proportional to the well width is expected for the
intrasubband scattering. Additionally, the acoustic phonons
in the thin sample structure ~total thickness of 62 nm! may be
also deviating from a 3D character, changing the phonon
density of states and the interaction cross section by the pho-
non reflection at the sample surface.
The deduced interaction parameter with optical phonons
bLO55164 meV is comparable to the value in
ZnSxSe12x /ZnSe QW structures,32 and significantly exceeds
the value obtained from GaAs QW’s (bLO'10 meV) ~Ref.
8! due to the higher polarity of the II-VI material compared
to the III-V compounds.
IV. SUMMARY
We have performed transient FWM experiments to study
the dephasing of homogeneously broadened COM excitons
in wide ZnSe/Zn0.96Mg0.06Se SQW’s. Pronounced quantum
beats are observed between the various exciton resonances,
which can be described by extended OBE’s. They include
EID, which is found to be the dominant FWM process. Biex-
citons of the 11h and 11l excitons show a biexciton binding
energy of EbXX53.560.5 meV. The exciton-exciton interac-
tion between incoherent excitons is lower than between co-
herent excitons. This behavior may be attributed to a higher
repulsing interaction due to the Pauli exclusion principle for
coherent excitons.
The optical-phonon exciton scattering is found to be en-
hanced due to the strong Fro¨hlich interaction in the higher
polar II-VI material. The determined acoustic-phonon exci-
ton scattering is very weak, a consequence of the large well
width.
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